This study investigates the spatial dependence of high and extreme streamflows in Switzerland across different scales. First, using 56 runoff time series from Swiss rivers, we determined the average length of high-streamflow events for different levels of extremeness. Second, a dependence measure that expressed the probability that streamflow peaks would meet or exceed streamflow peaks at a conditioning site was used to describe and map the spatial extent of joint streamflow-peak occurrences across Switzerland. Third, we analysed the spatial patterns of jointly occurring high streamflows using cluster analysis to identify groups that react similarly in terms of flood frequency at different sites. The results indicate that, on a coarse scale, high and extreme streamflows are asymptotically independent in the main Swiss basins. Additionally, mesoscale tributaries in the main basins show distinct flood regions across river systems.
Introduction
During the past decade, Europe has experienced frequent flood events that caused multiple fatalities and direct economic damage (Kundzewicz 2015 ). An increase in flood damage is often attributed to climate change. However, the picture is more complex. Flood-related economic damage is observed to have increased due to societal factors (Barredo 2009 ), i.e. a significant increase of the values at risk since the 1950s (Hilker et al. 2009 ). Moreover, a clear European-wide increasing trend of flood frequencies is not detectable (Hall et al. 2014 , Madsen et al. 2014 . However, for Switzerland, Castellarin and Pistocchi (2012) found an increase in flood peaks in alpine areas of 20% irrespective of return periods that correlates with an increase of mean temperature and hence likely climate change. A challenge for such conclusions is the frequently found temporal clustering of flood events (Schmocker-Fackel and Naef 2010, Merz et al. 2016) which prevent a straightforward interpretation. Regardless of whether flood frequencies have already changed with climate change, Köplin et al. (2014) projected an increase in flood frequencies for northern Switzerland. Not least because of this future challenge, there is a great need to mitigate floods and their related negative impacts. Therefore, coordinated risk-oriented flood management is considered as a major mitigation measure.
One essential element of successful flood management is the spatial delineation of expected flood depth and velocity given a certain flood magnitude (Excimap 2007). One major drawback of these inundation maps is that they cannot depict the inter-regional heterogeneity of individual flood events. More precisely, a 100-year flood will not occur everywhere at the same time; rather, it forms an event-specific extent that may spread across different basins and stretch over different orders of magnitude.
Historically, information on the spatial characteristics of a flood and the accompanying consequences (e.g. economic damage) was gathered widely from a posteriori analysis of the flood event and from the hydro-meteorological conditions that led to the catastrophe (e.g. Becker and Grünewald 2003 , Bezzola and Hegg 2007 , Blöschl et al. 2013 , Schröter et al. 2015 , Thieken et al. 2016 . A priori analyses of potential flood areas that are likely to be affected by flood events are often missing. Recent studies have shown the importance of considering both spatially heterogeneous and consistent flood patterns (e.g. de Moel et al. 2015 , Falter et al. 2015 , Schneeberger et al. 2017 ). This information is of great value and can be used to correctly estimate the maximal affected area and the potential direct economic damage for an individual event.
Although knowledge about the spatial extent of flood events is obviously essential, little research has been devoted to studying the spatial dependence structure of hydrological events, both in general terms and at different spatial scales. Keef et al. (2009) occurrence of flood events in Great Britain. Schneeberger and Steinberger (2018) transferred the approach to the Austrian Province of Vorarlberg. Here, we applied the approach to Swiss catchments and extended the approach to consider different spatial scales of joint flood occurrences for high and extreme streamflows in Swiss catchments. The two spatial dependence measures introduced by Keef et al. (2009) are used to describe and map the spatial dependence of streamflow at four different scales. We tried to find catchments in which high streamflow and frequent floods were likely to occur simultaneously, and at the same time we wanted to identify rivers that responded independently. To do so, we extended previous studies by cluster analyses based on the two measures proposed. In this way, we are able to (a) delineate the spatial extent of different floods by evaluating catchments with similar responses, and (b) detect how representative a specific site is for a certain region.
Switzerland is a flood-prone country, especially in its mountainous regions. It has been affected by severe flood events in the past several decades (e.g. July 1987 , May 1999 , August 2005 , July 2007 and October 2011 and, therefore, characterization of the spatial dependence of floods is of interest for institutions involved in flood risk management. Furthermore, despite its relatively small area, Switzerland encompasses a variety of different landscape structures and hydro-meteorological regions, leading to diverse hydrological flow patterns (Weingartner and Aschwanden 1992) . This results in different flood-generating mechanisms and causes flood events that only affect certain regions of the country. Nevertheless, the quantity and quality of runoff time series are sufficient for the study conducted. In fact, 56 runoff time series with record lengths of at least 50 years, spanning from low-lying catchments in the Swiss Plateau to high-alpine catchments, are available. This paper is structured as follows. First, the study area and the spatial organization of the investigated rivers are presented. Then, we explain how the temporal and spatial dependences were estimated and which approach was used to cluster high streamflows. The presentation of the spatial dependence structure and the subsequent clustering is combined with a reflective discussion. Finally, we draw some conclusions and discuss possible implications of the results.
Study area and data
Switzerland covers an area of approximately 41 300 km 2 and has elevations ranging from 193 m above sea level (m a.s.l.) (Lake Maggiore) to 4634 m a.s.l. (Dufourspitze). A variety of landscapes with different hydrological processes are found at small spatial scales, e.g. the hilly Jura limestones in the northwest, the rather flat Swiss Plateau, and the Alpine areas with moist mountain reaches intersected by inner-alpine dry valleys (Fig. 1) . Major European rivers originate in the Swiss Alps, such as the Rhine, the Rhone, the Ticino (a tributary of the Po) and the Inn (a tributary of the Danube), which drain into the North Sea, the Mediterranean Sea, the Adriatic Sea and the Black Sea, respectively. Thus, from a hydrological perspective, Switzerland can be subdivided into the four basins of the above-mentioned rivers.
Before the dependence structure of streamflow can be analysed, categorizing the non-nested catchments into meso-and macroscales was necessary. This enables the inspection of spatial dependence structures within and across scales. Otherwise, the results would be dominated by relatively high spatial dependence among river gauges located at just one river. As we aimed to analyse the spatial dependencies of high streamflow events at different scales, we needed to find as many river gauging stations with sufficient record lengths as possible; this enabled analysis at the desired scale. From the available Swiss gauging stations, we selected those with a record length of at least 50 years and deselected rivers heavily affected by human activity. The resulting 56 gauging stations were aligned to four different scales of interest ( Fig. 2 ): Scale Macro1 (M1) comprises the three main basins in Switzerland (Rhine, Rhone, Ticino). Though the Inn catchment would belong to M1 as well, no gauging station within Switzerland met the required criteria (length and naturalness). The tributaries of the Rhone and Rhine represent the Macro2 (M2) scale. The catchments making up the Macro3 (M3) scale meet one of two criteria: (a) their catchment size is greater than 1000 km 2 , or (b) they are smaller than 1000 km 2 but are important for regional coverage. The scales M1 to M3 comprise stations with record lengths of approximately 100 years. Finally, the most extensive set of catchments represent the mesoscale (<1000 km 2 ) headwater catchments, which are tributaries of the M3 catchments with record lengths of at least 50 years. The different scales are organized in a nested structure, in which the catchments within each level are arranged side-by-side (Fig. 2) .
Methods
The study focuses on the analysis of high and extreme streamflow events, i.e. events that exceed a certain threshold. Throughout this article, we use the pth quantile of a set of observations X to define the threshold q p (X), meaning that observations above q p (X) have a probability p of not being exceeded. This quantile value, or non-exceedance probability, is referred to as the level of extremeness.
The definition of a flood event is an essential aspect when analysing the temporal dependence of streamflow at individual sites and the spatial patterns of streamflow peaks between several sites. A joint highflow event is when the maximum flow at individual sites occurs simultaneously within a certain time interval with length L. The length L is determined by the approach described in the next paragraph and is applied in a preparatory step before spatial dependence analysis is conducted.
Temporal dependence of peaks
The dataset used in this study came from daily river gauge measurements, denoted by D i,t , where i is an element of the investigated gauges and t is the observation time. To identify independent peaks, we analysed the runoff time series D i,t to determine the average time interval with a length L in which flood peaks at each site occur. Here, we asked for the level of extremeness of runoff on the days immediately before and after the flood peak to determine the probability that q p (X) was exceeded. Thus, following the idea of Schneeberger and Steinberger (2018) , the probability of peaks with length LðL ! 1Þ at site i can be expressed as:
The number of sites is denoted by n. This measure shows that peaks with a certain length L (in days) and defined by the threshold q p (D) have a probability R i (p,L). The probability that peaks last for longer than one day reads as follows (e.g. for 2 days): R i p;L 2 ð Þand is calculated by summing up R i (p,L=1) and R i (p,L=2). The average probability of flood peaks is defined by: Figure 1 . The major river networks in Switzerland (Rhine, Inn, Ticino and Rhone: see legend) and the locations of the 56 gauging stations used in this study. Please refer to Table 1 for full names.
For a certain level of extremeness, the average time interval with length L in which events usually occur can be deduced for individual sites by applying equation (1), and the average event length for a group of sites (e.g. sites of level M1) can be calculated with equation (2). The event length L is required for data preparation before the spatial dependence measures can be applied.
Spatial dependence measure
In addition to calculating temporal dependence of peaks at a certain site, we defined a widespread joint flood event as a hydrological condition in which multiple sites experience high streamflow. The spatial dependence analysis (i.e. the analysis of simultaneous occurrence of high streamflow among different sites) was done by calculating the conditional probability that a certain river i (dependent site) exceeded a certain level of extremeness, given that the runoff at a conditioning site (denoted by j) was above the same level of extremeness.
In order to consider lagged observation at different sites, we calculated block maxima for the spatial dependence analysis. Two different block maxima, Q j and Q i , defined by L, were determined for the conditioning site and the dependent site in a slightly different way. For the calculation of Q j at conditioning site j, the highest discharge was selected from regularly spaced blocks, as defined by the time interval of length L. Q i was calculated as the highest value within a block defined by L, which was centred around the occurrence of values from conditioning site j. Figure 3 provides examples for the selection of block maxima of the conditioning site (left) and dependent sites (remaining three panels).
The spatial dependence measure P i,j (p) can be considered as exploratory measure of bivariate dependence and is defined as (Keef et al. 2009 ):
where P i,j (p) is the probability that the dependent site i exceeds the threshold q p (Q i ), given that site j is extreme as well. The thresholds q p (Q j ) and q p (Q i ) are based on two different block maxima Q j (conditioning site) and Q i (dependent site). A second spatial dependence measure N j (p) describes the average probability over all dependent sites i that are extreme (excluding site j), given that site j is Table 1 for abbreviations): those in boxes are used for the analysis; descriptions in parentheses are not used.
also high (exceeding a threshold, q p (Q i )). N j (p) is defined as (Keef et al. 2009) :
where N j (p) can be interpreted as a summary measure that shows whether certain sites experience similar high streamflow occurrence.
Cluster analysis of high streamflow
Cluster analysis is a rather objective procedure in which a set of objects is divided into groups such that objects within a cluster are as similar as possible. For the cluster analysis, the investigated objects are the time series, which contain information on whether the block maxima Q exceeds a certain threshold q p (Q). The threshold q p (Q) depends on the non-exceedance probability p. As block maxima, the highest discharges of regularly spaced blocks are used (cf. Q j in Fig. 3 ). A binary time series C i for each site i is generated, where C i =Q i >q p (Q i ). By combining binary time series from all stations, the cluster input variable C is generated, which is defined as C = [C 1 , C 2 ,. . .,C n ]. The input variable C for the cluster analysis is a binary matrix that contains information about whether a certain level of extremeness is exceeded at a certain time and site. The cluster analysis aims to identify groups/regions that react similarly in terms of high streamflow occurrence. This can be achieved by applying the k-means cluster method, which is a widely applied non-hierarchical clustering technique (Kaufman and Rousseeuw 1990 ). This algorithm partitions n observations into k clusters by minimizing the average squared distance of data to obtain the centroid of each cluster (Kaufman and Rousseeuw 1990) . The steps are repeated until convergence has been reached. The consistency of the resulting clusters can be measured or evaluated by methods such as the silhouette value and the Calinski-Harabasz criterion (Calinski and Harabasz 1974, Kaufman and Rousseeuw 1990) .
Results

Average duration of high-flow events
Time series of daily averages (D) from 56 river gauging stations with an average length of 91.7 years were used to determine the average duration of high-flow events (Table 1 ). The river gauging data in Switzerland are based on continuous measurements with a posteriori averaging to determine daily means. To delineate jointly occurring high streamflow events, the common definition of event length L for all streamflow quantiles was required. Based on the high flows exceeding the threshold q p=0.997 (D), we show the determined event length L at all sites in Figure 4 . The temporal dependence measure R i (p,L) shows the percentage of peaks, defined by q p (D), with a certain time lag L at each site. For example, at the westernmost site depicted in Figure 4 (Rhone at Chancy, Rho@Cha), 73.5% of all high streamflows were equal to or exceeded the q p=0.997 (D) threshold and lasted for 1 day (blue fraction). Accordingly, fractions of 17.2%, 3.5%, 3.5% and 2.3%, were found for events that equalled or exceeded the threshold for 2 (cyan), 3 (yellow), 4 (red) and 5 or more days, respectively. An especially homogeneous pattern from all sites can be seen in Figure 4 . Applying equation (2), we found that approximately 70% of all events peaked for only one day, though 18% of events exceeded the threshold for a maximum of two days. Longer event lengths were rare for most sites. Exceptions to this pattern can be found in the Inn catchment (easternmost river), in one river in the Ticino (southern rim), and in some sites in the northcentral and northwest regions. A closer look at these sites revealed locations next to lakes (east and north-central) and a location in a karstic environment (northwest sites); these cause specific conditions that alter the average length of flood peaks. In total, 94% of peaks, defined by p = 0.997, were found to have a length of 1, 2 or 3 days (R ðp ¼ 0:997; L 3Þ ¼ 0:94). A similar finding can be found for other levels of extremeness, such as p = 0.99 and p=0.9992, as shown in Figure 5 . In addition, we tested for a general dependence of the event length on the catchment size, but, interestingly, found no relationship. Based on these analyses of daily mean data D i , a shared value for event length L across all levels of extremeness seems legitimate, and was set to 3 days in forthcoming analyses of this study.
Spatial dependence of river flow
Having determined the event length (L = 3 days), we can shift to the main focus of this study, i.e. the spatial dependencies of high and extreme streamflows in Switzerland and possible spatial patterns. For this purpose, the maximum values in time intervals with length L (i.e. block maxima Q) are used for further analyses. The terms "high" and "extreme" streamflows are understood as runoff above certain thresholds q p (Q). The quantile values that define thresholds for "high" streamflow are between p = 0.95 and p = 0.99 and for "extreme" streamflow they are between p = 0.995 and p = 0.999. As the event length was determined to be 3 days, a threshold of q p=0.99 (Q) roughly refers to one 3-day event per year; a threshold of q p=0.999 (Q) refers to a 10-year event. Please note that in this study we focus on frequent floods (return period of up to 10 years) rather than very extreme events with higher return periods. Looking at the spatial dependence measure N j (p) for high streamflows in the three main Swiss basins (scale M1), a clear asymptotic independence is visible (Fig. 6 ). This means that the more extreme the streamflow is at one site, the more unlikely it is that this level of extremeness will simultaneously occur in one of the other major rivers. In fact, we found it was very unlikely that a flood event would affect the basins with the same level of high intensity across the entirety of Switzerland. In addition, this finding clearly suggests there are different hydro-meteorological regions with largely independent high and extreme streamflow occurrences caused by different meteorological precursors.
A more detailed dependence analysis focused solely on the Rhine basin and was represented by the M1 river gauge Rhine at Basel (Rheinhalle), Rhi@BRh, which covers approximately 36 000 km 2 . We selected the Rhine basin for this detailed analysis because several potentially flood-prone Swiss cities and metropolitan areas, such as Zurich, Basel and Berne, are located in this area, and it includes large tributaries, e.g. the Aare, the Reuss and the Limmat. Furthermore, the Rhine basin comprises three M2, eight M3 and 29 mesoscale catchments and has a relatively high number of river gauges, allowing for cross-scale dependence analysis. The Rhine River at Basel mainly comprises two large tributaries, the Aare and the High Rhine, which is located upstream from the confluence with the Aare. We found higher spatial dependence of high and extreme streamflow occurrences at the Rhine at Basel (Rhi@BRh) and the Rhine at Rekingen (Rhi@Rek) than at the Rhine and the Aare at Untersiggenthal (Aar@Unt) (Fig. 7(b) ). The spatial dependence measure P i,j (p) between Rhi@BRh and Birse at Münchenstein (Bir@Mün) was even lower. For extreme streamflows, the dependence measure P i,j (p) decreases for all bivariate combinations at scale M2, meaning they become less dependent.
The higher spatial dependences between Rhi@BRh and Rhi@Rek compared to the Upper Rhine and Aar@Unt was surprising, as the Aare is the larger river and generates more discharge (Fig. 7(a) ). In terms of spatial dependence, the characteristics of frequent floods in the Rhine at Basel, the Aare, and the High Rhine upstream from the confluence with the Aare can be explained as follows: for a 10-year flood at the Rhine in Basel (Rhi@BRh, i.e.~3700 m 3 s −1
), a 10-year flood of only one of the two main tributaries is not sufficient, because a 10-year flood at Aar@Unt is~2000 m 3 s −1
and at Rhi@Rek is~1500 m 3 s −1
. 1 The Aare flood wave is typically characterized by a defined flood peak, while the flood curve at Rhi@Rek is much more dampened due to the retention effect of Lake Constance. Hence, the basic shape of the flood curve in Basel is determined by the Aar@Unt, which is additionally scaled by the flood wave of Rhi@Rek. Although the discharge volume of both tributaries is sufficient to cause a threshold exceedance at Rhi@BRh, flood peaks undershot the threshold due to the dampening effect of Lake Constance. Only if the flood wave at Rhi@Rek is pronounced or superposed by the inflow of Thu@And and Tös@Nef (and therefore exceeding a certain threshold), the flood waves of Rhi@Rek and Aar@Unt can cumulate to result in a distinct flood curve in Rhi@BRh. Thus, the probability of the latter is more dependent on the flood wave of Rhi@Rek than Aar@Unt.
If we look at the responses of M3 gauges, when the streamflow is high at Rhi@BRh (Fig. 7(c) ), the spatial dependence is mostly lower than the correlation with the Aare and High Rhine at Rekingen M2 sites. The highest correlation for moderate to high streamflow could be found between the Rhine (Rhi@BRh) and both the Limmat at Zurich (Lim@Zür) and the Reuss at Mellingen (Reu@Mel). Interestingly, the share from Thur at Andelfingen (Thu@And) and Töss at Neftenbach (Tös@Nef) are more important for extreme streamflows, implying that the rivers Thur and Töss have frequently contributed severely to extreme streamflow in Basel. This can be explained by the absence of an upstream lake providing attenuating effects, and the amplifying effects of their discharges adding to the already high discharge from the Aare Figure 6 . Spatial dependence N j (p) against non-exceedance probability p of streamflow in M1 catchments.
catchment. In contrast, high streamflows in several other M3 Rhine tributaries are attenuated by downstream lakes (cf. Fig. 7(a) ). Thus, large M3 catchments, such as the Alpine Rhine at Diepoldsau (Rhi@Die, the largest M3 catchment), which is situated upstream of Lake Constance, and the Aare at Bern (Aar@Ber, the third largest M3 catchment), which is situated upstream of Lake Biel, are weakly correlated with Rhi@BRh. This is also true for smaller tributaries, such as the Orbe (Orb@Orb), which is located upstream of Lake Neuchatel and Lake Biel. Apparently, upstream lakes considerably reduce the spatial dependence of M3 sites.
The time series of macroscale sites used so far have a length of roughly 100 years. Further analysis focuses on the mesoscale, which encompasses data with a length of 50 years.
Cluster of high streamflow
Analysing the spatial dependence of high streamflow provides information on the joint occurrence of peaks at different spatial scales. The interpretation of the dependence was found to be straightforward at coarse scales but became more difficult at finer scales. The results of the spatial dependence analysis at mesoscales were not visually interpretable because of the large number of mesoscale sites (hence, the mesoscale is not shown here). Thus, the spatial pattern of high streamflow in mesoscale catchments was investigated with a cluster analysis. A k-means cluster algorithm was used to identify groups that react similarly in terms of high streamflow occurrence ( Fig. 8(a) ). The cluster analysis was performed for different levels of extremeness (p), ranging from 0.9 to 0.99 in increments of 0.01. The identified clusters were found to be independent of p values. This is shown in Figure 8(b) , where each colour represents one class, assuring the consistent denotation of clusters. Approximately half of the sites were distinctly associated with one individual cluster for the investigated levels of extremeness. For the remaining sites, a predominant cluster (allocation of ≥75%) was found. These results indicate that the displayed clusters of high streamflow occurrence are robust for mesoscale catchments, irrespective of the investigated level of extremeness.
In addition to the selection of p, the effect of the number of cluster classes was analysed. By applying a cluster analysis with only two classes, the Swiss mesoscale sites were subdivided into northern (including northern pre-alpine regions) and southern sites (including the Alps and Ticino). For a higher number of cluster classes, further groups were identified, such as the North, the Alpine foreland and the Ticino. In terms of allocation to clusters based on different levels of extremeness and cluster validation criteria (i.e. silhouette values and Calinski-Harabasz criterion), the best results were discovered by applying five cluster classes. The following five regions had similar patterns regarding the joint occurrence of high streamflow events: (i) "North-West" (including the Jura limestone mountains), (ii) the "North-East", (iii) the northern "Alpine foreland", (iv) the "central Alps" and (v) the "Ticino" (Fig. 9(a) ).
The spatial dependence measure N j (p) was applied to the members of each cluster to test the dependence structure within each group. The sites with the highest N j (p) in each cluster (averaged over the range of investigated p) were selected as representative sites for their respective cluster (marked with an additional circle in Figure 8(a) ). The cluster representatives for "North-West", "NorthEast", "Alpine foreland", "central Alps" and "Ticino" were found to be the Suze (Suz@Son), the Thur (Thu@Jon), the Muota (Muo@Ing), the Reuss (Reu@And) and the Cassarate (Cas@Pre), respectively. The independence of these clusters can be seen in Figure 9 , which plots the spatial dependence measure P i,j (p) of each cluster representative to the other cluster representatives (Fig. 9(b)-(f) ). An asymptotic independence can be found for Suze, Reuss and Cassarate, and only slight spatial dependencies are found for Thur and Muota. Thus, asymptotic independence is not restricted to the major rivers in Switzerland (M1 scale) but widely holds true for the identified cluster representatives derived from mesoscale catchments. This means that high streamflows in the main Swiss basins, as well as in the identified cluster regions, (i.e. their representatives) did not occur simultaneously in the past.
Discussion
This study was conducted to determine if and to what extent joint flood occurrences exist, and it also assessed possible spatial patterns of high and extreme streamflow events in Switzerland. When analysing the three major rivers of Switzerland at the macroscale, the asymptotic independence suggests there are independent factors triggering the largest floods. Similarly, distinct patterns emerged from the clusters identified in the mesoscale catchments within each major river network; again, this indicates that the three major rivers are asymptotically independent. This is good news, as the probability of frequent flood events affecting all major rivers at once is minimal. Northern and southern catchments are very unlikely to experience a flood at the same time. These findings are in line with results of Froidevaux and Martius (2016) , who identified different regions in Switzerland that are affected by prevailing storm tracks, and, more specifically, by the integrated vapour transport near the mountains. The five clusters found here also indicate it is unlikely that multiple regions will be jointly affected by a flood event. Hence, these findings contain valuable information concerning the potentially affected populations, infrastructure and buildings, and economic loss.
However, how robust are these identified independent structures, and what are the possible reasons for them? We compared the identified cluster regions with the hydrometeorological maps or analyses for Switzerland. A comparison with the nine hydro-climatic regions of Switzerland (see citation and map in Schmocker-Fackel and Naef 2010) visually revealed only coarse relationships: A northeast and a southern region are similar to the regions found in this study, but the northwest, central and eastern hydro-climate regions cannot be traced in our delineation. In addition, the three flood regions (northwest, northeast and southern) derived from annual maximum series (AMS) correlations by Schmocker-Fackel and Naef (2010) and also the closely related storm-trackaffected regions delineated by Froidevaux and Martius (2016) showed only moderate similarities at a higher aggregation level: e.g. the southern region consists of the southern and mountainous region, the northeast and the northwest (that strongly overlap) comprise all other mesoscale catchment clusters. Indeed, our mesoscale spatial pattern seems more closely linked to the main discharge regimes (Aschwanden and Weingartner 1985) . These runoff characteristics, dividing Switzerland into the Jura mountain region in the northwest, the Swiss Plateau, the pre-Alps, the Alps and the southern flank of Ticino, thus agree quite well with our flood regions (Fig. 7(b) ). In contrast to previously mentioned studies, the runoff regimes are an expression of climatological features and catchment characteristics, such as elevation and geology.
In this respect, the regime types are only proxies for the underlying flood-defining processes. Additional detailed in-depth analyses might find a direct link between spatial flood patterns and catchment characteristics. Although, the runoff regimes aligned nicely with our mesoscale pattern of joint flood occurrences, they do not fully explain the identified separation of northeastern and northwestern flood regions, especially within the Swiss plateau. This division can be explained by the storm-track related regions of Froidevaux and Martius (2016) which result in the extreme flood clusters of Schmocker-Fackel and Naef (2010) . In this respect, the identified frequent-flood regions are a clear expression of hydro-meteorological conditions that combine flood-triggering meteorological processes (e.g. storm tracks) with catchment characteristics (e.g. topography, geology). This finding is in line with the conclusion Keef et al. (2009) drew from the study on floods in Great Britain, highlighting the influence of catchment characteristics on spatial flood patterns, and the superior role of mountainous areas in precipitation patterns (thus flood-triggering meteorological processes). This gives reasons for a more universal and convincing explanation for the causes of frequent-flood regions.
One of the surprising findings in our study was the independence of catchment size and event length. Keef et al. (2009) Differences between the flood regions discovered in the present study and the study by Schmocker-Fackel and Naef (2010) might also be influenced by the different flood levels considered and the fact that our approach ensures that the streamflow thresholds are exceeded during the same event. Hence, we conclude that the presented regional joint flood occurrence maps clearly add information to existing studies.
As the study focuses on spatial patterns of frequent floods, a time series with high temporal resolution (hourly data) would be preferred. Such data would reflect the hydrological responses of small catchments more precisely than mean daily data. Nevertheless, we used mean daily data as input data because they are available for a much longer period. The Swiss time series with an hourly resolution typically date back to 1974. The minimum length of our investigated time series with a daily resolution is 50 years for mesoscale gauges and approximately 100 years for macroscale gauges. Thus, higher-resolution time series are insufficient in terms of observation length. Nevertheless, we tested the spatial patterns of frequent floods based on hourly data for a shorter time period and found quite similar results. This gives us confidence that the influence of the data resolution on observed spatial patterns is less important, and our choice to perform the analysis using the longest time periods available has no obvious drawbacks.
Conclusion
In this article, we present an evaluation of the spatial dependence and delineated regions of high streamflow events in Switzerland for different levels of extremeness and at different scales. Although our results are supported by existing studies on runoff regimes and existing studies on flood regions, we clearly add new and valuable information to these studies. From an application point of view, our results show that the major rivers were affected by frequent floods at different times. Furthermore, flood defence planners, insurance companies and other stakeholders can use the results to estimate regions where floods are likely to occur together or independently. However, the present work focuses on frequent floods, whereas temporal and spatial dependence analyses were conducted using empirical data. In studies related to flood risk, high return periods (i.e. 1-in-100 years or less frequently) determined by applying flood frequency analyses are of interest. This level of extremeness cannot be captured using the applied methods, because the occurrence date of investigated peaks is required for spatial dependence analysis.
From a scientific point of view, the applied method presented in Keef et al. (2009) , which was extended in terms of data preparation in this study, proved to supply plausible, yet new, results for Switzerland. Furthermore, the application of a cluster analysis based on the dependence structures gained from the statistical approach revealed a strong added value as distinct flood regions could be delineated.
Thus, future applications in other countries or even continent-wide are promising, although data availability and quality might not always meet the Swiss standard. Furthermore, the approach is flexible enough to extend the analyses to joint flood occurrences of different flood levels (i.e. extreme streamflow in river A might be strongly correlated with high streamflow in river B) or even to delineate regions of joint drought occurrences. All of these applications are beyond the scope of this study but might be subject to future work.
